The Upper Permian polymetallic, organic-rich Kupferschiefer black shale in the Fore-Sudetic Monocline is acknowledged to be one of the largest Cu-Ag deposits in the world. Here we report the results of the first study of bioweathering of this sedimentary rock by indigenous heterotrophic bacteria. Experiments were performed under laboratory conditions, employing both petrological and microbiological methods, which permitted the monitoring and visualization of geomicrobiological processes. The results demonstrate that bacteria play a prominent role in the weathering of black shale and in the biogeochemical cycles of elements occurring in this rock. It was shown that bacteria directly interact with black shale organic matter to produce a widespread biofilm on the Kupferschiefer shale surface. As a result of bacterial activity, the formation of pits, bioweathering of ore and rock-forming minerals, the mobilization of elements and secondary mineral precipitation were observed. The chemistry of the secondary minerals unequivocally demonstrates the mobilization of elements from minerals comprising Kupferschiefer. The redistribution of P, Al, Si, Ca, Mg, K, Fe, S, Cu and Pb was confirmed. The presence of bacterial outer membrane vesicles on the surface of black shale was observed for the first time. Biomineralization reactions occurred in both the membrane vesicles and the bacterial cells.
Introduction
The biotransformation of organic-rich sedimentary rocks plays a fundamental role in the biogeochemical cycles of elements (Petsch et al., 2005; Ehrlich & Newman, 2008) . This phenomenon involves a series of interactions between the components of rocks and microorganisms that lead to rock deterioration and the redistribution of elements. These complex natural processes are of great environmental significance and are also of potential use in environmental biotechnology (Ehrlich & Newman, 2008) .
The present study examined the bioweathering of Kupferschiefer black shale from the Fore-Sudetic Monocline (SW Poland). The highly mineralized Upper Permian Kupferschiefer contains the largest Cu-Ag concentrations in the world (Speczik, 1995; Oszczepalski, 1999; Piestrzyń ski & Wodzicki, 2000) . The Kupferschiefer horizon is developed as a dark grey organic matter-rich black shale that is highly enriched in ore minerals (sulphides and sulphosalts). This deposit differs from known deposits which are mostly acidic in that it is characterized by a neutral or slightly alkaline pH reaching 8.5. More than 100 Cu, Ag, Fe, Ni, Co, Mo, Hg, Bi, Au, Pt and Pd ore minerals have been recognized in this shale (Speczik, 1994 (Speczik, , 1995 . These ore minerals together with organic matter and rock-forming minerals such as aluminosilicates, carbonates and detrital quartz are dispersed within a clayey matrix (Speczik, 1994 (Speczik, , 1995 .
Kupferschiefer black shale is significantly enriched in organic matter (OM). The OM content ranges from 1 to 30 wt%, with an estimated average of around 6 wt% (Speczik & Püttmann, 1987; Püttmann et al., 1988 Püttmann et al., , 1991 Speczik, 1994; Oszczepalski, 1999; Bechtel et al., 2000 Bechtel et al., , 2001 . The organic matter is of marine origin and is represented mainly by witrinite, liptinite and inertinite (Speczik & Püttmann, 1987; Sawłowicz, 1989; Speczik, 1994) . The OM extracted with chloroform occurs as long-chain saturated and unsaturated hydrocarbons, polycyclic aromatic hydrocarbons and acid esters (Skłodowska et al., 2005) . Metalloporphyrins have also been detected in black shale ore (Sawłowicz, 1985) .
We recently analyzed the biotransformation of Kupferschiefer black shale by a community of eight bacterial strains isolated from this sedimentary rock (Matlakowska et al., 2010; Matlakowska & Skłodowska, 2011) . Of these strains, five belong to the Gammaproteobacteria (Pseudomonas sp., Acinetobacter sp.), one to the Firmicutes (Bacillus sp.) and two to the Actinobacteria (Microbacterium sp.) (Matlakowska & Skłodowska, 2009) . It was confirmed that these indigenous bacteria can use black shale organic matter as their sole carbon and energy source. These isolates are characterized by high resistance to metals and metalloids, the presence of esterase, lipase and dioxygenase activities, assimilation of organic acids, degradation of phenanthrene, anthracene and pyrene, as well as siderophore production (Matlakowska & Skłodowska, 2009) .
In the present study, we monitored and visualized the interactions of microorganisms with black shale as well as the microtextural and geochemical changes of this rock during bacterial weathering. Experiments were performed to examine (1) the pattern of black shale colonization by bacteria, (2) the microtopography of the surface of thin shale sections following treatment with bacteria, (3) the mineral composition of black shale after bacterial treatment, (4) the nature of the elements mobilized by cultures after bacterial treatment and secondary precipitates, and (5) the microscopic structure of the bacterial biofilm growing on the black shale surface. These experiments were extended with a geochemical characterization of untreated black shale.
Materials and methods

Geological materials
Samples of highly mineralized Kupferschiefer black shale were taken from the underground Lubin Mine below 600 m (Fore-Sudetic Monocline, SW, Poland). Two types of specimen were used: (1) sections of Kupferschiefer shale pieces mounted in aluminium rings using Araldite 2020 (Huntsman Advanced Materials, Switzerland) in which one side of the specimen was finely polished using a 1-and 0.25-lm abrasive diamond (the shortened names polished sections or sections were used in the manuscript) and (2) crushed shale with diameters of 2.0-3.0 mm. The polished sections of the Kupferschiefer black shale were used for the monitoring of the bioweathering on the surface of black shale and crushed samples were used for the analyses of element mobilization.
Microorganisms
All bacterial strains were originally isolated from Kupferschiefer black shale (Lubin Mine) and have been described previously (Matlakowska & Skłodowska, 2009 ) (NCBI GenBank accession numbers of isolates in brackets). The mixed culture of microorganisms contained equal numbers of Microbacterium sp. LM1 (EU821337), Microbacterium sp. LM2 (EU821338), Acinetobacter sp. LM3 (EU821339), Bacillus sp. LM4 (EU821340), Pseudomonas sp. LM5 (EU821341), Pseudomonas sp. LM6 (EU821342), Pseudomonas sp. LM7 (EU821343) and Pseudomonas sp. LM8 (EU821344). The number of bacteria in each culture was calculated using a Bürker chamber under light microscopy.
Growth media
Luria-Bertani medium (LB; Sambrook & Russell, 2001) was used for inoculum preparation. The mineral salts medium used in experiments to examine shale bioweathering contained the following masses of salts per litre of demineralized water: 800 mg of K 2 HPO 4 , 200 mg of KH 2 PO 4 ·2H 2 O, 1000 mg of (NH 4 ) 2 SO 4 , 200 mg of MgSO 4 ·7H 2 O, 100 mg of CaCl 2 ·2H 2 O, pH 7.0 (Hartmans et al., 1989) .
Bioweathering experiments
To visualize the bioweathering of black shale by bacteria under polarized reflected light and by scanning electron microscopy (SEM), polished sections of the black shale were used. The sections were washed in distilled water, ethyl alcohol and sterile distilled water. The sterile sections were placed in 100-mL flasks with bacterial cultures (preparation of bacterial cultures below). Sterile sections placed in sterile mineral medium acted as control. All experiments were prepared in triplicate and incubated at 28°C under aerobic conditions for 60 days without shaking. The volume changes due to evaporation were compensated by the addition of sterile distilled water. Sections of black shale colonized over 30 or 60 days were rinsed in growth medium, stained with DAPI (4′,6-diamidino-2-phenylindole), and the surface viewed by epifluorescence microscopy.
The batch culture experiment with crushed shale was carried out in 100-mL flasks containing 10 g of sterilized crushed shale ore suspended in 100 mL of bacterial culture (preparation of bacterial culture below). Black shale ore samples were sterilized by heating three times, for a period of 1 h at 100°C, on three successive days. This method of sterilization was used to minimize the destruction of organic compounds. Sterile mineral medium supplemented with black shale without added bacteria was used as control. All cultures with crushed shale were prepared in triplicate and maintained under aerobic conditions, on a rotary shaker (150 r.p.m.) at 22°C for 60 days. As a control for transmission electron microscopy analysis, the bacteria were cultivated on mineral medium with glucose (20 mM).
To prepare the bacterial culture in mineral medium (pH 7.0) the cells from an exponentially growing bacterial culture cultivated in LB medium were harvested by centrifugation (10 000 g, 4°C, 10 min) and washed three times in mineral salts medium. The pelleted cells, resuspended in mineral salts medium, were used to inoculate the mineral medium (the final number of bacterial cells was 8 9 10 6 mL
À1
).
Microscopic analyses of rock
The identification of ore minerals in the Kupferschiefer shale and observation of the early stages of bacterial colonization on the surface of polished sections of shale were performed using standard petrographical microscopy, working in reflected-light geometry (ECLIPSE E600W POL microscope, Nikon Group, Japan). This microscope also permitted illumination by UV light (EX 400-440, DM 455, BA 750) for the identification of organic matter in Kupferschiefer shale, and for documenting the distribution of bacterial colonies in the early and final stages of colonization.
X-ray powder diffraction (XRD) analyses
XRD analyses of powdered black shale were performed using a Philips X'Pert PRO diffractometer (PANalytical B. V., the Netherlands). Shale samples were manually ground to a powder in an agate mortar, then mounted on a standard metal holder and irradiated with CoKa radiation. Data were collected over the range from 2.505°t o 95.996°2Θ in a step-scan mode employing a step size of 0.001 2Θ and count duration of 1 s per step. The mineralogy of the polished shale surfaces, before and after bacterial colonization, was compared using a Bruker AXS D8 Discover diffractometer (Bruker AXS, Germany).
Element concentration analysis
The chemical composition of the aqueous phase of batch cultures containing crushed shale at the end of the experiment was determined by inductively coupled plasma emission spectrometry (ICP-ES) using an Optima 5300 DV spectrometer (Perkin-Elmer). All analyses were performed in triplicate. The sample preparation procedure comprised centrifugation of the culture suspension (10 000 g at 4°C, 10 min), filtration (pore size 0.22 lm) and digestion of the supernatants with 65% nitric acid at 22°C. Whole rock analyses of the Kupferschiefer shale were performed by the ACME Analytical Laboratories Ltd. Vancouver, Canada (http://www.acmelab.com). The samples for analysis were ground using a Retsch Planetary Ball Mill PM100 to a fraction size below 200 mesh., and then sent to ACME Laboratories Ltd. as powder ready for analysis. Standard ACME procedures for the determination of chemical composition were applied. The major and trace elements were analyzed by ICP-ES, and by inductively coupled plasma mass spectrometry (ICP-MS), respectively. Samples for both methods were prepared by fusion of 0.2 g of the shale with LiBO 2 followed by digestion in dilute nitric acid. The reference materials STD SO-18, STD DS7 (both are in-house reference materials of ACME Analytical Laboratories) and STD OREAS45PA (Ore Research and Exploration PTY LTD, Australia) (latter two for base metal content) were used for the ICP-ES and ICP-MS analyses to check the accuracy and precision of the results. The mean detection limit for base metal contents ranged from 0.01 to 0.1 mg kg
À1
, whereas that for Au was close to 0.05 lg kg
. The total carbon and sulphur concentrations were determined by infrared absorption spectroscopy using the Leco method (Leco Application Notes No. ASTM E1915). The mean detection limit for this method is 0.02 wt%. All analyses were performed in duplicate.
SEM with energy dispersive X-ray spectroscopy (EDS)
The imaging of the Kupferschiefer samples, before and after treatment with bacteria, was also performed using the back scattered (BSE) and secondary electrons (SE) techniques. These analyses were performed using a JEOL JSM-6380LA scanning electron microscope (JEOL Co. Japan). The chemical composition of ore minerals in the shale was determined using a CAMECA SX100 microprobe (CAMECA, Gennevilliers, France). X-ray microanalyses were performed by wavelength dispersive X-ray (WDS) spectrometry with an accelerating voltage of 15 kV and a beam-current intensity of close to 20 nA. A defocused beam of 2 lm and count durations of 20 s for the peak and 10 s for the background were applied. Synthetic and natural materials supplied by CAMECA and/or SPI Inc. (West Chester, PA) were used as calibration standards. The matrix effect (ZAF correction) was carried out using standard PAP procedures (Pouchou & Pichoir, 1985) .
In addition, after treatment with bacteria, the black shale ore surface was fixed in formaldehyde vapour, goldcoated and observed using a scanning electron microscope (Leo 1430VP; LEO Electron Microscopy Inc.).
Transmission electron microscopy (TEM) with EDS
Bacterial cells were fixed with 3% glutaraldehyde in sodium cacodylate buffer and then treated with osmium tetroxide for 4 h. Following dehydration using increasing concentrations of ethanol, the cells were embedded in Epon and ultrathin sections were prepared. Microscopic observations of the bacterial cells were performed using a JEM 1400 electron microscope (JEOL Co. Japan) equipped with an energy-dispersive full-range X-ray microanalysis system (EDS INCA Energy TEM, Oxford Instruments, UK) with accelerating voltage of 120 kV, tomographic holder and a high resolution digital camera (CCD MORADA; SiS-Olympus, Germany).
Results
Geochemical and petrographic characterization of black shale
The examined shale samples showed no traces of later alteration and they strictly corresponded to reduced facies of the Kupferschiefer. All samples represented laminated, highly mineralized shales with clearly visible tiny inclusions, aggregates and veinlets of ore minerals (Supporting Information, Fig. S1 ). XRD analyses revealed that the shale consisted of detrital quartz (SiO 2 ), clay minerals, feldspar [(K,Na) The ore minerals in the examined samples consisted of bornite, chalcocite (Cu 2 S), digenite (Cu 9 S 5 ), chalcopyrite (CuFeS 2 ), pyrite, sphalerite (ZnS), galena (PbS), covellite (CuS), and minerals belonging to the tennantite-tetrahedrite series [(Cu, Fe) 12 As 4 S 13 -(Cu, Fe) 12 Sb 4 S 13 ] (Fig. S2) . As mentioned above, most ore minerals occurred as dispersed inclusions in a clayey matrix, and their sizes ranged from submicroscopic to 50 lm. Thin bornite and/ or bornite-chalcopyrite veinlets, parallel to the Kupferschiefer lamination, and large aggregates of sulphides (50 lm to 1 mm) were also frequently observed (Figs S1a and S2a).
The total carbon concentration in the examined Kupferschiefer samples reached up to 9.68 wt% (Table 1) . Three types of organic matter (OM) were observed during the petrographical study: structured macerals, amorphic organic matter together with solid bitumens, and inclusions of liquid hydrocarbons within calcite and dolomite aggregates (Fig. S3) . The amorphic organic matter and solid bitumens occurred as a disseminated submicroscopic intergrowth within the clayey matrix of the shale and their presence was indicated by a subtle yellow-brown colour under UV illumination (Fig. S3a , b,c). Among the structured OM, microscopically visible thin ribbons oriented parallel to the lamination of the Kupferschiefer black shale were dominant (Fig. S3a,b) . Their yellow-brown colour upon illumination with UV resembled highly degraded microbial mats as described by Schieber (1986) , Pacton et al. (2009) and Kazimierczak & Kremer (2009) .
The concentrations of major and trace elements in the black shale are presented in Table 1 . The proportions of SiO 2 , Al 2 O 3 , Fe 2 O 3 , MgO and CaO reached up to 41, 16.5, 3.7, 3.4 and 3.3 wt%, respectively. Substantial amounts of K 2 O (5.0 wt%) and S (2.9 wt%) and a low amount of P 2 O 5 (0.1 wt%) were also detected. The analyzed black shale had also extremely high Cu and Ag contents, exceeding 10 4 mg kg À1 and 100 mg kg
À1
, respectively (Table 1 ). In a previous study, the concentrations of Cu and Ag found in the black shale profile ranged up to 10 wt% and up to 100 mg kg
, respectively (Piestrzyń ski & Wodzicki, 2000) . High concentrations of Co (388 mg kg ) were also evident. The contents of Hg, Se, U, Bi and Cd were considerably lower (below 40 mg kg À1 ) ( Table 1) .
Colonization of black shale by bacteria and biofilm formation
The experiments using polished sections of Kupferschiefer shale as a substrate incubated with indigenous bacteria revealed a specific affinity of these microorganisms for colonization. Compared with the control shale section incubated in sterile mineral medium (Fig. 1a) , after 30 days of incubation with bacteria, microorganisms appeared along fine, yellow laminae within the shale that were rich in OM (Fig. 1b) , indicating a selective microbial attachment to the shale surface. At the end of the experiment, bacteria had colonized other areas of the shale including ore minerals and rock-forming minerals (Figs 1c,d and 2a,b) . Figure 1c and d shows the same area of black shale observed under reflected light and epifluorescence microscopy, respectively, clearly documenting the presence of the microbial biofilm on the surface of bornite. On uncolonized areas of the bornite surface, dispersed fine-grained secondary minerals had developed (Fig. 1c) .
Bioweathering of black shale
The microtopography of polished sections of black shale after bacterial treatment was examined using SEM. The formation of pits, typical of bioweathering, in close proximity to bacterial biofilm, was observed in some regions of the shale (Fig. 2) . These pits were clearly visible on the surface of sulphides ( Fig. 2a and c) and carbonates (calcite, dolomite) (Fig. 2a ). An enhanced relief between minerals forming the clayey matrix was also observed during SEM investigations. On the surface of control sections of black shale incubated in sterile mineral medium these changes were not observed (Fig. 2d) .
Reflected light images of polished sections of black shale revealed changes in the appearance of the ore minerals after bacterial treatment (Figs 3 and S4) . Bornite, pyrite, chalcopyrite, galena, chalcocite and covellite appeared partly covered by a transparent layer (Figs 3b  and S4 ). Under reflected light this layer on the sulphide aggregate caused chromatic dispersion of light. This was manifested by a spectrum of colours resembling a rainbow. In the sterile control samples these changes to the shale surface were not observed ( Fig. 3c and d) . XRD analyses of polished sections and crushed shale following bacterial treatment did not reveal any significant changes in the mineralogical composition compared with untreated and sterile control samples. The XRD data only showed minerals that were present in amounts exceeding a few vol% of the sample.
The mobilization of elements from black shale during bacterial treatment
Colonization of the black shale by microorganisms caused the release of elements into the aqueous phase of the bacterial culture. Figure 4 presents the concentrations of 19 elements in the aqueous phase of the bacterial culture and of the sterile control containing crushed shale after 60 days. The role of bacteria in mobilization of K, P, Cu and As was clearly evident. The concentrations of other elements such as Na, S, Ca, Mg, Mo and Si were lower in the bacterial culture than in the sterile control, where only chemical weathering was observed. The concentrations of Sr, Al, V, Mn, Cd, Zn, Co, Ag and Pb in the aqueous phase of both the bacterial culture and the control were below 0.25 mg L
À1
. Bacterial growth and activity also caused alkalization of the growth medium at the end of experiment (Fig. 4) .
Secondary precipitates on the bioweathered shale surfaces SEM-EDS examination of polished sections of the Kupferschiefer shale identified the development of secondary phases on the black shale due to microbial action. Representative images of minerals precipitated during bacterial growth are shown in Fig. 5 . The secondary biominerals appeared irregularly dispersed on the shale surfaces ( Fig. 5a and c) . In many places these minerals occurred within (Fig. 5b) and/or on the top of the biofilm (Fig. 5b  and d) , with large crystals frequently covered by biofilm (Fig. 5a,b,f) . Most of the secondary minerals were identified as phosphates rich in Pb, Si, Al, Ca and Cu (Fig. 5a-c) , as Ca-rich carbonates, sometimes containing Pb ( Fig. 5e and f) , and as sulphates (gypsum [CaSO 4 ·2 (H 2 O)]) (Fig. 5b) . Sites covered by thin SiO 2 group minerals were common (Fig. 5c,d,f) , which indicates extensive Si mobility. A massive accumulation of Cu-sulphides was identified at the interface between dolomite, calcite aggregates and the clayey matrix ( Fig. 5g and h ). The Cu/S ratio of these sulphides was close to 1.7. In the sterile control, only the precipitation of Ca-rich phosphates was observed (data not shown).
Bacterial biofilm and membrane vesicles
Ultrathin cross-and longitudinal sections of biofilm and bacterial cells grown on the surface of black shale were examined using transmission electron microscopy (Figs 6 and S5). Numerous outer membrane vesicles (OMVs) 50 -500 nm in diameter appeared to be the main components of the biofilm matrices ( Fig. 6a and b) . Blebbing cells as well as single and grouped vesicles were visible ( Fig. 6a and c) . Some of the cells and membrane vesicles were surrounded by a matrix of extracellular material (Figs 6B and S5c, d) . Observation of the ultrastructure of bacterial cells revealed peripherally located spaces with high electron density (Figs 6c and S5a, b) . In contrast, cells from a control culture grown in mineral media with glucose had a typical shape and ultrastructure and did not produce OMVs (Fig. 6d) .
Intracellular biomineralization was clearly visible in the bacterial cells as well as in OMVs (Fig. 7) . EDS microanalysis of the extracellular matrix and of electron dense bodies in bacterial cells and OMVs revealed the presence of P, Mg, Si, Al and Ca (Fig. 7) . The same qualitative chemical composition was found in all cases. No inclusions were observed in bacteria cultured in mineral medium with glucose (control) (Fig. 6d) . The background composition in the culture liquid is shown in spectrum 6 (Fig. 7) .
Discussion
The Upper Permian Kupferschiefer black shale located in the Fore-Sudetic Monocline is a complex and multi-component sedimentary rock. To improve our understanding of the role of bacteria in bioweathering of this rock, we monitored and visualized the interactions between microorganisms and three main components of black shale: (1) organic matter, (2) minerals and (3) mobilized elements. To visualize the effects of these interactions, standard petrological methods of rock analysis were combined with microbiological studies. It was demonstrated that bacteria directly interact with black shale organic matter, develop a biofilm on its surface, and influence the rock-forming and ore minerals.
The selective affinity of bacteria for OM was demonstrated by the localization of the biofilm along thin organic-rich strips oriented parallel to the lamination of the black shale (Fig. 1) . The areas of OM concentration were the sites where biofilm growth and bioweathering processes occurred. These results are in agreement with those obtained by Petsch et al. (2001) , who showed the selective colonization of New Albany Shale by bacteria that were attached to organic-rich laminas.
Growth and activity of indigenous bacteria affected the microtopography and mineralogy of the black shale surface as well as the chemistry of the aqueous phase of cultures. The role of indigenous bacteria in rock deterioration and the geochemical cycles of P, Al, Si, Ca, Mg, K, Fe, S, Cu and Pb during Kupferschiefer black shale bioweathering were evident. However, the concentrations of the elements presented in Fig. 4 do not reflect the real redistributions caused by bacterial action. The identified variations in the chemistry were a consequence of two processes: the mobilization of an element by the direct and indirect interaction of the bacteria with components of the Kupferschiefer, and the crystallization of the secondary minerals that substantially lowered the concentration of the element in the aqueous phase (Fig. 5) .
The mobilization of organic phosphorus and its immobilization in inorganic secondary minerals and in bacterial cells and OMVs was confirmed (Figs 4, 5 and 7) . The formation of phosphate minerals is a very common process observed in sedimentary environments (Ehrlich & Newman, 2008) . The main sources of phosphorus in black shale are detrital apatite [Ca 5 (PO 4 ) 3 (OH,F,Cl)] and thin biogenic carbonate-fluorapatite [Ca 5 (PO 4 ,CO 3 ) 3 F] that are dispersed within the clayey matrix, and phosphorus bound to the OM, which is the most accessible form for bacteria. It is known that organic matter represents a major source of phosphorus for bacteria and also for the production of phosphate minerals (Ehrlich & Newman, 2008) . These results are in agreement with those of our recent study describing the mobilization of phosphorus from organic matter extracted from black shale and the intracellular accumulation of phosphorus by bacteria during growth (Matlakowska & Skłodowska, 2011) . The mobility of Si observed during the batch experiment (Fig. 4) and the extensive growth of the SiO 2 group of secondary minerals on the polished sections of Kupferschiefer (Fig. 5c,d,f) unequivocally documented primary dissolution of the silica-rich minerals in the studied black shale sample. The detrital quartz and aluminosilicates as well as the biogenic silica associated with the organic matter are potential sources of this element. The high potassium mobility (Fig. 4) suggests that a major source of silica was probably the clayey matrix of the shale, where the predominant component illite was bioweathered during degradation of the dispersed organic matter. The expected increase in the concentration of Al in the bacterial culture supernatant was not observed, probably due to the de novo crystallization of Al-rich phosphates (Fig. 5a,b) .
The secondary sulphides growing at the interface between carbonate aggregates and the clayey matrix (Fig. 5g) were responsible for a local pH reduction that was effective in promoting the extensive dissolution of carbonates (Anderson, 1983) . This dissolution, documented by SEM investigation (Fig. 2a,b) , was confirmed by Ca mobilization and enhanced alkalinity measured at the end of the experiment (Fig. 4) . Crystallization of secondary copper sulphides recognized in this study resembles deposition of Cu-sulphides underneath a water table, close to the interface of oxidized/reduced zones in the weathered Cu-rich deposits (Guilbert & Park, 1986) . The composition of these secondary sulphides, also described as supergene accumulations, is dominated by chalcocite group minerals with a Cu/S ratio of 1.12-2.0. The origin of supergene sulphides in the deposit can be connected either with microbial activity or crystallization during true abiotic mineralization processes (Brimhall et al., 1985; Ague & Brimhall, 1989) . The lack of sulphatereducing bacteria in the community used in the experiment support the second (abiotic) mechanism. The Cu 2+ mobilized during bioweathering of the Kupferschiefer may replace Fe in primary Fe-Cu sulphides such as chalcopyrite, bornite and pyrite. The crystallization of the secondary sulphides reflect the local changes of pH/Eh conditions, probably determined by irregular distribution of organic matter and Ca-Mg carbonates within the Kupferschiefer (Figs 1a and S1, S3) .
The other possible mechanisms of the observed process of secondary copper sulphides precipitation may indirectly involve bacterial activity. Such a phenomenon was described in the Lower Williams Lake tailings basin, Elliot Lake in Canada. The authors suggested that 'conditions promoting the reprecipitation of secondary pyrite can be described as neutral to weakly alkaline and reducing assisted by microbial activity' (Paktung & Dave, 2002) . In our study, such conditions may have been created in the pits or within the biofilm observed on the surface of Kupferschiefer black shale (Fig. 2a-c) . There probably exist microniches created by bacterial activity, characterized by microaerobic conditions, which together with solubilized organic matter are known to be strong reducing factors. Secondary sulphides and the increased concentrations of Cu, Zn, Pb and As in the aqueous phase of the bacterial culture (Fig. 4) were evidence of the alteration of primary sulphides and sulphosalts (Fig. S2a,f) . The dissolution of the sulphides was concurrent with the crystallization of the secondary sulphates (Fig. 5b) , which, together with crystallization of the Ca-phosphates (Fig. 5b  and c) , effectively lowered the concentration of Ca in the culture supernatant (Fig. 4) . Crystallization of the secondary carbonates (Fig. 5e and f) also enhanced this effect.
Alterations of the primary minerals, including sulphides, may have occurred during indirect interaction of the organic compounds (e.g. siderophores or other bacterial metabolites) with these minerals, leading to their partial dissolution and to surface pitting. As mentioned in the introduction, all of the microorganisms used in this study are able to produce siderophores, which not only facilitates the mobilization of ferric ions from insoluble compounds but may also strongly influence mineral dissolution and element mobilization (Ehrlich & Newman, 2008) . In our studies, indirect mobilization of elements from the black shale by bacterial metabolites were observed, too (unpublished data).
The geochemical cycles of P, Ca, Mg and Al were also influenced by biomineralization within the bacterial cells and OMVs, as well as the accumulation of elements in the biofilm matrix (Fig. 7) . The present study is the first to show that (1) bacteria colonize black shale, creating a biofilm containing OMVs, and (2) biomineralization occurs in these OMVs. These results provide new insight into the activities of bacterial membrane vesicles, but further studies are required to characterize their role in the biomineralization process. Besides the biodegradation of persistent ancient organic matter, the production of OMVs can an adaptation mechanism of indigenous microorganisms to extreme conditions prevailing in black shale. A possible benefit of the production of OMVs, and especially the biomineralization of Al in OMVs, is the increased surface area available for metal adsorption and neutralization of the toxic effects of high concentrations of elements such as copper, arsenic or silver. On the other hand, the ability of bacteria to immobilize Al and Si and other elements has important environmental implications for their transfer from the aqueous phase to the sediment because after bacterial death the cell-bound elements may develop as mineral microdeposits. Taken together, the results of present study increase our knowledge about black shale bioweathering and confirm the influence of bacteria on the geochemical cycles of elements in ancient sedimentary rock. The main phenomena observed in this study were: (1) the mobilization of dozens of elements from black shale, (2) the redistribution of phosphorus from organic compounds into inorganic compounds, (3) the mobilization of Al, Si, Ca and Mg from rock, forming secondary minerals, and their immobilization in phosphates and sulphates, (4) the mobilization of Cu and Pb from primary sulphides and sulphosalts and their precipitation as secondary sulphides, phosphates and carbonates, and (v) the redistribution of S from primary sulphides to sulphates and secondary sulphides. The role of biofilms, including OMVs, in the redistribution of elements is also noteworthy.
The biogeochemical processes described in this report and studied under controlled laboratory conditions are assumed to proceed in the natural environment in deep underground mines. The black shale horizon, cropped out during exploitation in the underground Lubin Mine and other mines located on the Fore-Sudetic Monocline, forms a huge surface exposed to the activity of oxygen and microorganisms. Evidence of this activity is found in the numerous mineral precipitates observed on the surface of black shale as well as the high concentrations of elements in leakage water and bottom sediments within this mine. These processes are also observed on outcrops of the Cu-rich deposits in the North Sudetic Basin.
All of the bacterial strains isolated from Lubin Mine are widespread in nature and can be recovered from different environments. However, the indigenous bacteria present in Lubin Mine exhibit a range of physiological properties clearly related to the geochemical parameters of their environment. The origin of microorganisms isolated from the mine is unknown. It is supposed some of these microorganisms could be brought in with water, air from the ventilation system or even by people working in the mine. However, our studies showed a strong adaptation of the microorganisms to the specific and extreme underground conditions developed during almost 50 years of exploitation and confirmed their role in changes of the native environment.
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